Measurement of W ± -boson and Z-boson production cross-sections in p p collisions at √ s = 2.76 TeV with the ATLAS detector
Introduction
The processes that produce W and Z bosons1 in pp collisions via Drell-Yan annihilation are two of the simplest at hadron colliders to describe theoretically. At lowest order in quantum chromodynamics (QCD), W-boson production proceeds via→ W and Z-boson production via→ Z. Therefore, precision measurements of these production cross-sections yield important information about the parton distribution functions (PDFs) for quarks inside the proton. Factorisation theory allows PDFs to be treated separately from the perturbative QCD high-scale collision calculation as functions of the event energy scale, Q, and the momentum fraction of the parton, x, for each parton flavour. Usually PDFs are defined for a particular starting scale Q 0 and can be evolved to other scales via the DGLAP equations [1] [2] [3] [4] . Measurements of on-shell W/Z-boson production probe the PDFs in a range of Q 2 that lies close to m 2 W /Z . The range of x that is probed depends on the centre-of-mass energy, √ s, of the protons and the rapidity coverage of the detector. Each measurement of these production cross-sections at a new value of √ s thus provides information complementary to previous measurements. The combinations of initial partons participating in the production processes of W + ,W − , and Z bosons are different, so each process provides complementary information about the products of different quark PDFs. This paper presents the first measurements of the production cross-sections for W + , W − and Z bosons in pp collisions at √ s = 2.76 TeV. The data were collected by the ATLAS detector at the Large Hadron Collider (LHC) [5] in 2013 and correspond to an integrated luminosity of 4.0 pb −1 . To provide further sensitivity to PDFs, and to reduce the systematic uncertainty in the predictions, ratios of these cross-sections and the charge asymmetry for W-boson production are also presented. The measurements are performed for leptonic (electron or muon) decays of the W and Z bosons, in a defined fiducial region, and also extrapolated to the total cross-section.
Previous measurements of the W-boson and Z-boson production cross-sections in pp collisons at the LHC were performed by the ATLAS and CMS Collaborations at √ s = 5.02 TeV [6] , 7 TeV [7, 8] , 8 TeV [9, 10] and 13 TeV [11, 12] , and by the PHENIX and STAR Collaborations at the RHIC at √ s = 500 GeV [13, 14] and 510 GeV [15] . This is the first measurement at 2.76 TeV. Other measurements of these processes were performed in pp collisons at √ s = 1. 
ATLAS detector
The ATLAS detector [24] at the LHC covers nearly the entire solid angle around the collision point. It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic (EM) and hadronic calorimeters, and a muon spectrometer (MS) incorporating three large superconducting toroid magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle tracking in the pseudorapidity range |η| < 2.5.2
The high-granularity silicon pixel detector covers the vertex region and typically provides three measurements per track. It is followed by the silicon microstrip tracker, which usually provides eight measurements from eight strip layers. These silicon detectors are complemented by the transition radiation tracker (TRT), which enables radially extended track reconstruction up to |η| = 2.0. The TRT also provides electron identification information based on the fraction of hits (typically 30 in total) above a higher energy-deposit threshold associated with the presence of transition radiation.
The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region |η| < 3.2, EM calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) sampling calorimeters, with an additional thin LAr presampler covering |η| < 1.8 that is used to correct for energy loss in material upstream of the calorimeters. Hadronic calorimetry in this region is provided by the steel/scintillator-tile calorimeter, segmented into three barrel structures with |η| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules optimised for EM and hadronic measurements, respectively.
The muon spectrometer comprises separate trigger and high-precision tracking chambers measuring the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision chamber system covers the region |η| < 2.7 with three layers of monitored drift tubes, complemented by cathode strip chambers in the forward region, where the backgrounds are highest. The muon trigger system covers the range |η| < 2.4 with resistive plate chambers in the barrel and thin gap chambers in the endcap regions.
The ATLAS detector selected events using a three-level trigger system [25] . The first-level trigger is implemented in hardware and used a subset of detector information to reduce the event rate to a design 2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡ (∆η) 2 + (∆φ) 2 .
value of at most 75 kHz. This was followed by two software-based triggers that together reduced the event rate to about 200 Hz.
Data and simulation samples
The data used in this measurement were collected in February 2013 during a period when proton beams at the LHC were collided at a centre-of-mass energy of 2.76 TeV. During this running period a typical value of the instantaneous luminosity was 1 × 10 32 cm −2 s −1 , significantly lower than in 7, 8 and 13 TeV data-taking conditions. The typical value of the mean number of collisions per proton bunch crossing (pile-up) µ was 0.3. Only data from stable collisions when the ATLAS detector was fully operational are used, yielding a data sample corresponding to an integrated luminosity of 4.0 pb −1 .
Samples of Monte Carlo (MC) simulated events are used to estimate the signals from W-boson and Z-boson production, and the backgrounds containing prompt leptons: electroweak-diboson production and top-quark pair (tt) production. Background contributions arising from multijet events that do not contain prompt leptons are estimated directly from data, with simulated events used to cross-check these estimations in the muon channel.
Production of single W and Z bosons was simulated using P -B v1 r1556 [26] [27] [28] [29] . The parton showering was performed using P 8.17 [30] . The PDF set used for the simulation was CT10 [31] , and the parton shower parameter values were those of the AU2 tune [32] . Additional quantum electrodynamics (QED) emissions from electroweak (EW) vertices and charged leptons were simulated using P ++ v3.52 [33] . Additional samples of simulated W-boson events generated with S 2.1 [34] are used to estimate uncertainties arising from the choice of event generator model. In these S samples, simulation of W-boson production in association with up to two additional partons was performed at next-to-leading order (NLO) in QCD while production of W bosons in association with three or four additional partons was performed at leading order (LO) in QCD. The sample cross-sections were normalised to next-to-next-to-leading-order (NNLO) QCD predictions for the total cross-sections described in Section 8.
P
-B v1 r2330 was used to generate tt samples [35] . These samples had parton showering performed using P 6.428 [36] with parameters corresponding to the Perugia2011C tune [37] . The CT10 PDF set was used. Additional QED final-state radiative corrections were applied using P ++ v3.52 and τ-lepton decays were performed using T v25feb06 [38] . Single production of top quarks is a negligible contribution to this analysis, compared with tt production, so no such samples were generated.
Production of two massive electroweak bosons (WW, Z Z, W Z) was simulated using H 6.5 [39] , with multiparton interactions modelled using J 4.13 [40] . The CTEQ6L1 PDF set [41] and AUET2 tune [42] were used for these samples.
Multijet production containing heavy-flavour final states, arising from the production of bb or cc pairs, were simulated using P 8.186. The CTEQ6L1 PDF set and AU2 tune were used. Events were required to contain an electron or muon with transverse momentum p T > 10 GeV and |η| < 2.8.
The detector response to generated events was simulated by passing the events through a model of the ATLAS detector [43] based on G 4 [44] . Additional minimum-bias events generated using P 8.17 and the A2 set of tuned parameters, were overlaid in such a way that the distribution of µ for 
simulated events reproduced that in the real data. The resulting events were then passed through the same reconstruction software as the real data.
The simulated samples used for the baseline analysis are summarised in Table 1 , which shows the generator used for each process together with the order in QCD at which they were generated.
Event selection
This section describes the selection of events consistent with the production of W bosons or Z bosons. The W-boson selection requires events to contain a single charged lepton and large missing transverse momentum. The Z-boson selection requires events to contain two charged leptons with opposite charge and the same flavour.
Events were selected by triggers that required at least one charged electron (muon) with p T > 15 GeV (10 GeV). These thresholds yield an event sample with a uniform efficiency as a function of the E T and p T requirements used subsequently to select the final event sample. The hard-scatter vertex, defined as the vertex with highest sum of squared track transverse momenta (for tracks with p T > 400 MeV), is required to have at least three associated tracks.
Electrons are reconstructed from clusters of energy in the EM calorimeter that are matched to a track reconstructed in the ID. The electron is required to have p T > 20 GeV and |η| < 2.4 (excluding the transition region between barrel and endcap calorimeters of 1.37 < |η| < 1.52). Each electron must satisfy a set of identification criteria designed to suppress misidentified photons or jets. Electrons are required to satisfy the medium selection, following the definition provided in Ref. [45] . This includes requirements on the shower shape in the EM calorimeter, the leakage of the shower into the hadronic calorimeter, the number of hits measured along the track in the ID, and the quality of the cluster-track matching. A Gaussian sum filter [46] algorithm is used to re-fit the tracks and improve the estimated electron track parameters. To suppress background from misidentified objects such as jets, the electron is required to be isolated using calorimeter-based criteria. The sum of the transverse energies of clusters lying within a cone of size ∆R = 0.2 around the centroid of the electron cluster and excluding the core3 must be less than 10% of the electron p T .
Muon candidates are reconstructed by combining tracks reconstructed in the ID with tracks reconstructed in the MS [47] . They are required to have p T > 20 GeV and |η| < 2.4. The muon candidates are also required to be isolated, by requiring that the scalar sum of the p T of additional tracks within a cone of size ∆R = 0.4 around the muon is less than 80% of the muon p T .
The missing transverse momentum vector [48] (E miss T ) is calculated as the negative vector sum of the transverse momenta of electrons and muons, and of the transverse momentum of the recoil. The magnitude of this vector is denoted by E miss T . The recoil vector is obtained by summing the transverse momenta of all clusters of energy measured in the calorimeter, excluding those within ∆R = 0.2 of the lepton candidate. The momentum vector of each cluster is determined by the magnitude and coordinates of the energy deposits; the cluster is assumed to be massless. Cluster energies are initially measured assuming that the energy deposition occurs only through EM interactions, and are then corrected for the different calorimeter responses to hadrons and electromagnetically interacting particles, for losses due to dead material, and for energy that is not captured by the clustering process [49] . The definition of the recoil does not make use of reconstructed jets, to avoid threshold effects. The procedure used to calibrate the recoil closely follows that used in the recent ATLAS measurement of the W-boson mass [50] , first correcting the modelling of the overall recoil in simulation and then applying corrections for residual differences in the recoil response and resolution that are derived from Z-boson data and transferred to the W-boson sample.
The W-boson selection requires events to contain exactly one lepton (electron or muon) candidate and have E miss T > 25 GeV. The lepton must match a lepton candidate that met the trigger criteria. The transverse mass, m T , of the W-boson candidate in the event is calculated using the lepton candidate and
). The transverse mass in W-boson production events is expected to exhibit a Jacobian peak around the W-boson mass. Thus, requiring that m T > 40 GeV suppresses background processes. After these requirements there are 3914 events in the W → e + ν channel, 2209 events in the W → e −ν channel, 4365 events in the W → µ + ν channel, and 2460 events in the
The Z-boson selection requires events to contain exactly two lepton candidates with the same flavour and opposite charge. At least one lepton must match a lepton candidate that met the trigger criteria. Background processes are suppressed by requiring that the invariant mass of the lepton pair satisfies 66 < m < 116 GeV. After these requirements there are 430 events in the Z → e + e − channel, and 646 events in the Z → µ + µ − channel.
Background estimation
The background processes that contribute to the sample of events passing the W-boson and Z-boson selections can be separated into two categories: those estimated from MC simulation and theoretical calculations, and those estimated directly from data. The main backgrounds that contribute to the event sample passing the W-boson selection are processes with a τ-lepton decaying into an electron or muon plus neutrinos, leptonic Z-boson decays where only one lepton is reconstructed, and multijet processes.
The main background contribution to the event sample passing the Z-boson selection is production of two massive electroweak bosons.
The backgrounds arising from W → τν, Z → + − , diboson production, and tt production are estimated from the simulated samples described in Section 3. Predictions of the backgrounds to the W-boson and Z-boson production measurements arising from multijet production suffer from large theoretical uncertainties, and therefore the contribution to this background in the W-boson measurement is estimated from data. This is achieved by constructing a shape template for the background using a discriminating variable in a control region and then performing a template fit to the same distribution in the signal region to extract the background contribution. The choice of template variable is motivated by the difference between signal and background and by the available number of events. Previous ATLAS measurements at 7 TeV [7] and 13 TeV [12] found that multijet production makes a background contribution of less than 0.1% for Z-boson measurements; this is therefore neglected.
Electron candidates in multijet background events are typically misidentified candidates produced when jets mimic the signature of an electron, for example when a neutral pion and a charged pion overlap in the detector. Additional candidates can arise from 'non-prompt' electrons produced when a photon converts, and in decays of heavy-flavour hadrons. To construct a control region for the multijet template, a selection is used that differs from the W-boson selection described in Section 4 in only two respects: the medium electron identification criteria are inverted (while keeping the looser identification criteria) and the E miss T requirement is removed. By construction, this control region is statistically independent of the W-boson signal region. A template for the shape of the multijet background in the E miss T distribution is then obtained from that distribution in the control region after subtraction of expected contributions from the signal and other backgrounds determined using MC samples. The normalisation of the multijet background template in the signal region is extracted by performing a χ 2 fit of the E miss T distribution (applying all signal criteria except the requirement on E miss T ) to a sum of the templates for the multijet background, the signal, and all other backgrounds. The normalisation of the signal is allowed to vary freely in the fit as is the multijet background; however, the other backgrounds are only allowed to vary from their expected values by up to 5%, corresponding to the largest level of variation in predicted electroweak-boson production cross-sections obtained from varying the choice of PDF. The normalisation from this fit can then be used together with the inverted selection to construct multijet background distributions in any other variable that is not correlated with the electron identification criteria.
Muon candidates in multijet background events are typically 'non-prompt' muons produced in the decays of hadrons. The multijet background contribution to the W → µν selection is estimated by using the same method as described for the W → eν selection. In this case the control region is defined by inverting the isolation requirement and removing the requirement on m T . The distribution used for the fits is m T .
The overall number of multijet background events is estimated from a fit to the total W-boson sample. Fits to the separate W + -boson and W − -boson samples are used in the evaluation of the systematic uncertainties, as described in Section 7. The final estimated multijet contributions are 30 ± 11 events for W → e + ν and W → e − ν and 2.5 ± 1.9 events for W + → µ + ν and W − → µ − ν. The relative contribution of the multijet events (1%) is lower than in 13 TeV (4%) and 7 TeV (3%) data. This is in agreement with expectations for this lower pile-up running, where the resolution in E miss T is improved compared to the higher pile-up running.
Correction for detector effects
The measurements in this paper are performed within specific fiducial regions and extrapolated to the total W-boson or Z-boson phase space. The fiducial regions are defined by the kinematic and geometric selection criteria given in Table 2 ; in simulations these are applied at the generator level before the emission of QED final-state radiation from the decay lepton(s) (QED Born level).
The fiducial W-boson/Z-boson production cross-section is obtained from the number of observed events meeting the selection criteria after background contributions are subtracted, N sig W, Z , using the following formula:
where L int is the total integrated luminosity of the data samples used for the analysis. The factor C W, Z is the ratio of the number of generated events that satisfy the final selection criteria after event reconstruction to the number of generated events within the fiducial region. It includes the efficiency for triggering, reconstruction and identification of W, Z → ν, + − events falling within the acceptance. The different components of the efficiency are calculated using a mixture of MC simulation and measurements from data.
The total W-boson and Z−boson production cross-sections are obtained using the following formula:
The factor B(W, Z → ν, ) is the per-lepton branching fraction of the vector boson. The factor A W, Z is the acceptance for W/Z-boson events being studied. It is defined as the fraction of generated events that satisfy the fiducial requirements. This acceptance is determined using MC signal samples, corrected to the generator QED Born level, and is used to extrapolate the measured cross-section in the fiducial region to the full phase space. The central values of A W, Z are around 0.6 for these measurements, compared with 0.5 at √ s = 7 TeV and 0.4 at √ s = 13 TeV, so the fiducial region is closer to the full phase space in this measurement than for those at higher centre-of-mass energies. This is due to a combination of higher p T thresholds for leptons in other measurements, and more-central production of vector bosons at lower 
Systematic uncertainties
The systematic uncertainty in the electron reconstruction and identification efficiency is estimated using the tag-and-probe method in 8 TeV data [45, 51] and extrapolated to the 2.76 TeV dataset. The extrapolation procedure results in absolute increases of ±2%, due to uncertainties in the effect of the differing pileup conditions in 2.76 TeV data relative to the 8 TeV data. Transverse-momentum-dependent isolation corrections, calculated with the tag-and-probe method in 2.76 TeV data, are very close to 1, so the systematic 
uncertainty in the electron isolation requirement is set to the size of the correction itself, that is ±1% for low p T and ±0.3% for higher p T . The electron energy scale has associated statistical uncertainties and systematic uncertainties arising from a possible bias in the calibration method, the choice of generator, the presampler energy scale, and imperfect knowledge of the material in front of the EM calorimeter [52] . The total energy-scale uncertainty is calculated as the sum in quadrature of these components.
Systematic uncertainties associated with the muon momentum can be divided into three major independent categories: momentum resolution of the MS track, momentum resolution of the ID track, and an overall scale uncertainty. The total momentum scale/resolution uncertainty is the sum in quadrature of these components. An η-independent uncertainty of approximately ±1.1% in the muon trigger efficiency, determined using the tag-and-probe method [47] in 2.76 TeV data, is taken into account. Furthermore, a p Tand η-dependent uncertainty in the identification and reconstruction efficiencies of approximately ±0.3 %, derived using the tag-and-probe method on 8 TeV data is applied. The uncertainty in the p T -dependent isolation correction in the muon channel, calculated with the tag-and-probe method in 2.76 TeV data, is about ±0.6% for low p T and ±0.5% for higher p T .
The luminosity uncertainty for the 2.76 TeV data is ±3.1%. This is determined, following the same methodology as was used for the 7 TeV data recorded in 2011 [53] , from a calibration of the luminosity scale derived from beam-separation scans performed during the 2.76 TeV operation of the LHC in 2013.
Systematic uncertainties in the E miss T arising from the smearing and bias corrections applied to obtain satisfactory modelling of the recoil [48] affect the C W factors in the W → ν measurement, and are taken into account.
Uncertainties arising from the choice of PDF set are evaluated using the error sets of the initial CT10 PDF set (at 90% confidence level (CL)) and from comparison with the results obtained using the central PDF sets from ABKM09 [54] , NNPDF23 [55] , and ATLAS-epWZ12 [56] . The effect of this uncertainty on A W + (A W − ) is estimated to be ±1.0% (1.2%), and the effect on A Z is estimated to be ±1.4%. The effect on C W, Z is between ±0.05% and ±0.4% depending on the channel.
A summary of the systematic uncertainties in the C W, Z factors is shown in Table 3 . The muon trigger, and electron reconstruction and identification uncertainties are dominant.
Uncertainties arising from the choice of event generator and parton shower models are estimated by comparing results obtained when using S 2.1 signal samples instead of the (nominal) P -B +P 8. The effect of this uncertainty on A W, Z is estimated to be ±0.9%.
The systematic uncertainty in the multijet background estimation can be divided into several components: the normalisation uncertainty from the χ 2 fit, the uncertainty in the modelling of electroweak processses by simulated samples in the fitted region, uncertainty from fit bias due to binning choice, and uncertainty from template shape. The scale normalisation uncertainty from the χ 2 fit is approximately ±13% for the W → eν channel. This uncertainty is neglected in the W → µν channel where the template bias is dominant. The mismodelling uncertainty is estimated by comparison of the fit results for + and − , and for the combined ± candidates. The central value used is 0.5N ± with the uncertainties N + − 0.5N ± and N − − 0.5N ± , where N + is the fitted number of + background events, N − is the fitted number of − and N ± is the fitted total number of ± background events. In the W → eν channel this leads to an uncertainty of ±28% in the multijet background. In the W → µν channel the multijet template normalisation is derived from the fit in the small-m T region, where electroweak contributions are negligible and there are many data events, and this source of systematic error is found to be negligible. The fit-bias uncertainty arising from the choice of bin width is estimated by repeating the fit with different binnings. This component is negligible in the W → µν case and ±15% in the W → eν case. The uncertainty due to a potential bias from template choice is estimated by employing different template selections. For the W → eν channel, different inverted-isolation criteria were investigated. The overall differences are considered negligible. For the W → µν channel, template variations were estimated from fits that use bb + cc MC samples as the multijet templates, leading to an uncertainty of ±75%; this is the largest uncertainty in the multijet background in the W → µν channel.
Combining results and building ratios or asymmetries of results require a model for the correlations of particular systematic uncertainties between different measurements. Correlations arise mostly due to the fact that electrons, muons, and the recoil are reconstructed identically in the different measurements. Further correlations occur due to similarities in the analysis methodology such as the methods of signal and background estimation.
The systematic uncertainties from the electroweak background estimations are treated as uncorrelated between the W-boson and Z-boson measurements, and fully correlated among different flavour decay channels of the W and Z boson. The top-quark background is treated as fully correlated across all W-boson and Z-boson decay channels. The multijet background and recoil-related systematic uncertainties are also treated as fully correlated between all four W-boson decay channels despite there being an expected uncorrelated component, since the statistical uncertainty is dominant in this case.
The systematic uncertainties due to the choice of PDF are treated as fully correlated between all W-boson and Z-boson channels. The uncertainties in electron and muon selection, reconstruction and efficiency are treated as fully correlated between all W-boson and Z-boson channels.
A simplified form of the correlation model with the grouped list of the sources of systematic errors is presented in Table 4 . 
Results
The numbers of events passing the event selections described in Section 4 are presented in Table 5 , together with the estimated background contributions described in Section 5. The distribution of m T for W → ν candidate events is shown in Figure 1 , compared with the expected distribution for signal plus backgrounds, where the signal is normalised to the NNLO QCD prediction. Similarly, Figure 2 shows the distribution of m for Z → + − candidate events compared with the expectations for signal. In this case, the background contributions are not shown, because they would not be visible in the figure if included.
The measured fiducial (σ fid ) and total (σ tot ) cross-sections in the electron and muon channels are presented separately in Table 6 . For these measurements, the dominant contribution to the systematic uncertainty arises from the luminosity determination.
The results obtained from the electron and muon final states are consistent. The fiducial measurements from electron and muon final states are combined following the procedure described in Ref. [57] and the result is extrapolated to the full phase space to obtain the total cross-section. The total W-boson cross-section is calculated by summing the separate W + and W − cross-sections. The results are shown in Table 7 .
Theoretical predictions of the fiducial and total cross-sections are computed for comparison with the measured cross-sections using D 1.5 [58] and F 3.1 [59] [60] [61] [62] , which provide calculations at NNLO in the strong-coupling constant, O(α 2 s ), including the boson decays into leptons ( + ν, −ν or + − ) with full spin correlations, finite width and interference effects. These calculations allow kinematic Table 6 : Results of the fiducial and total cross-sections measurements of the W + -boson, W − -boson, and Z-boson production cross-sections in the electron and muon channels. The cross-sections are shown with their statistical, systematic and luminosity uncertainties (and extrapolation uncertainty for total cross-section).
Value ± stat. ± syst. ± lumi. (± extr.) Value ± stat. ± syst. ± lumi. (± extr.)
789 ± 18 ± 20 ± 25 799 ± 17 ± 11 ± 25
197.6 ± 9.6 ± 9.5 ± 6.1 205.6 ± 8.1 ± 2.6 ± 6.4 σ tot Z [pb] 313.6 ± 15.2 ± 15.0 ± 9.7 (±5.3) 326.3 ± 12.9 ± 4.1 ± 10.1 (±5.5) requirements to be implemented for direct comparison with experimental data. The procedure used follows that used for the previous ATLAS measurement at
Corrections for NLO EW effects are calculated with F 3.1 for the Z bosons and with S [63, 64] for the W bosons. The calculation was done in the G µ EW scheme [65] . The following input parameters are taken from the Particle Data Group's Review of Particle Properties 2014 edition [66] : the Fermi constant, the masses and widths of W and Z bosons as well as the elements of the CKM matrix. The cross-sections for vector bosons decaying into these leptonic final states are calculated such that they match the definition of the measured cross-sections in the data. Thus, from complete NLO EW corrections, the following components are included: virtual QED and weak corrections, real initial-state radiation (ISR), and interference between ISR and real final-state radiation (FSR) [67] . The calculated effect of these corrections on the cross-sections is (−0.26 ± 0.02)% for σ fid W + , (−0.21 ± 0.03)% for σ fid W − , and (−0.25 ± 0.12)% for σ fid Z . D is used for the central values of the predictions while F is used for the PDF variations and all other systematic variations such as QCD scale and α s . The predictions are calculated Table 7 : Combined fiducial and total cross-section measurements for W + -boson, W − -boson and Z-boson production. The cross-sections are shown with their statistical, systematic and luminosity uncertainties (and extrapolation uncertainty for total cross-section).
1433 ± 16 ± 17 ± 44 798 ± 12 ± 10 ± 25
323.4 ± 9.8 ± 5.0 ± 10.0 (±5.5) using the CT14nnlo [68] , NNPDF3.1 [69] , MMHT14nnlo68cl [70] , ABMP16 [71] , HERAPDF2.0 [72] , and ATLAS-epWZ12nnlo PDF sets. The dynamic scale, m , and fixed scale, m W , are used as the nominal renormalisation, µ R , and factorisation, µ F , scales for Z and W predictions, respectively.
Theoretical uncertainties in the predictions are also derived from the following sources:
PDF: these uncertainties are evaluated from the variations of the NNLO PDFs according to the recommended procedure for each PDF set. A table with all PDF uncertainties and their central values is shown in Appendix A; the PDF uncertainty from CT14nnlo was rescaled from 90% CL to 68% CL.
Scales: the scale uncertainties are defined by the envelope of the variations in which the scales are changed by factors of two subject to the constraint 0.5 ≤ µ R /µ F ≤ 2.
α s : the uncertainty due to α s was estimated by varying the value of α s used in the CT14nnlo PDF set by ±0.001, corresponding to a 68% CL variation.
The statistical uncertainties in these theoretical predictions are negligible. 
The numerical values of the predictions for the CT14nnlo PDF set are presented in Table 8 . The predictions for the acceptance factor A W, Z can differ by a few percent from those derived from simulated signal samples, this may be due to a poorer description of production of low p T W-bosons by the fixed-order calculations. The predictions are shown in comparison with the combined W-boson and Z-boson production measurements, and with results from pp and pp collisions at other centre-of-mass energies in Figure 3 . A comparison of the measurements with predictions from various different PDF sets is presented in Figures 4 and 5. Overall there is good agreement.
Taking ratios of measurements leads to results that have significantly reduced systematic uncertainties due to full or partial cancellation of correlated systematic uncertainties, as discussed in Section 7. The ratios of the fiducial cross-sections for W-boson and Z-boson production are presented, together with the ratio for W + -boson and W − -boson production, in Figure 6 . It can be seen that the predictions from the different PDF sets are mostly in good agreement with the measurements. There is a slight (less than two standard deviations) tension between the data and the prediction using the ABMP16 PDF set. The measured values of the ratios are:
The measurement of the ratio R W + /W − is sensitive to the u v and d v valence quark distributions, while the ratio R W /Z can place constraints on the strange quark distributions. A common alternative way of presenting this information is in terms of the charge asymmetry, A , in W-boson production:
This observable also benefits from the cancellation of systematic uncertainties in the same way as the cross-section ratios. The measured value is:
The ratio of measured cross-sections in the electron and muon decay channels provides a test of lepton universality in W-boson decays. The measured ratios are: Table 7 . The inner shaded band represents the statistical uncertainty only, the outer band corresponds to the experimental uncertainty (including the luminosity uncertainty). The theory predictions are given with the corresponding PDF (total) uncertainty shown by inner (outer) error bar. Table 7 . The inner shaded band represents the statistical uncertainty only, the outer band corresponds to the experimental uncertainty (including the luminosity uncertainty). The theory predictions are given with the corresponding PDF (total) uncertainty shown by inner (outer) error bar. Figure 6 : The measured ratio of fiducial cross-sections for (a) W-boson production to Z-boson production, (b) W + -boson production to W − -boson production. The measurements are compared with theoretical predictions at NNLO in QCD based on a selection of different PDF sets. The inner shaded band corresponds to statistical uncertainty while the outer band shows statistical and systematic uncertainties added in quadrature. The theory predictions are given with the corresponding PDF (total) uncertainty shown by inner (outer) error bar.
Z→e + e − σ fid
These results lie within one standard deviation of the Standard Model prediction and previous measurements by ATLAS.
Conclusion
This paper presents measurements of the W → ν and Z → production cross-sections based on about 12 400 W-boson and 1100 Z-boson candidates, after subtracting background events, reconstructed from √ s = 2.76 TeV proton-proton collision data recorded by the ATLAS detector at the LHC, corresponding to integrated luminosity of 4.0 pb −1 . The total inclusive W-boson production cross-sections for the combined electron and muon channels are σ tot
and the total inclusive Z-boson cross-section in the combined electron and muon channels is: σ tot Z→ = 323.4 ± 9.8 (stat.) ± 5.0 (syst.) ± 10.0 (lumi.) ± 5.5(extr.) pb.
The results obtained, and the ratios and charge asymmetries constructed from them, are in agreement with theoretical calculations based on NNLO QCD.
A Theoretical predictions
This appendix presents the theoretical predictions used for comparison with the measurements in the main body of the paper. Table 9 shows the predictions using the MMHT14nnlo68cl, NNPDF31_nnlo_as_0118, ATLASepWZ12, HERAPDF2.0, and ABMP16 PDF sets with associated PDF uncertainties. The ATLAS Collaboration
